Phosphate is essential for all living systems, serving as a building block of genetic and metabolic machinery. However, it is unclear how phosphate could have assumed these central roles on primordial Earth, given its poor geochemical accessibility. We used systems biology approaches to explore the alternative hypothesis that a protometabolism could have emerged prior to the incorporation of phosphate. Surprisingly, we identified a cryptic phosphate-independent core metabolism producible from simple prebiotic compounds. This network is predicted to support the biosynthesis of a broad category of key biomolecules. Its enrichment for enzymes utilizing iron-sulfur clusters, and the fact that thermodynamic bottlenecks are more readily overcome by thioester rather than phosphate couplings, suggest that this network may constitute a ''metabolic fossil'' of an early phosphate-free nonenzymatic biochemistry. Our results corroborate and expand previous proposals that a putative thioester-based metabolism could have predated the incorporation of phosphate and an RNA-based genetic system.
INTRODUCTION
While most research on the evolution of living systems has been focused on sequences and genomes, some answers to fundamental questions about the emergence of life may be hidden in the architecture of the complex biochemical reaction networks that sustain the cell (Smith and Morowitz, 2016) . The field of metabolic network modeling and analysis is expanding as a major research area of relevance to multiple applications (O'Brien et al., 2015; Plata et al., 2015) . However, the use of such techniques to address fundamental questions on the emergence of living systems is still highly unexplored.
Among the many unanswered questions on life's origin, the enigma of how phosphate ended up playing a prominent role in cellular biochemistry has been puzzling scientists for decades (Schwartz, 2006) , resurfacing in recent years in light of novel discoveries (Adcock et al., 2013; Pasek et al., 2013) . Phosphate is present in a large proportion of known biomolecules. It is an essential component of biochemical energy transduction (most notably through ATP), cofactors such as NADH, and information storage (in DNA and RNA polymers) (Nelson and Cox, 2005) . However, phosphate is geochemically scarce and difficult to access, often serving as the limiting nutrient in a variety of modern ecosystems (Halmann, 1974) . Phosphate is found in terrestrial and marine ecosystems, tightly complexed with rocks and minerals, requiring mechanisms for environmental extraction and transport (Pasek, 2008) .
The ensuing dilemma of phosphate's high importance in spite of its poor bioavailability is particularly challenging for early life, as primordial protocells would have needed both a readily available phosphate source and a simple mechanism for early phosphate acquisition. Currently, there is no consensus for a phosphate source in early life, with theories ranging from acidmediated ion solubilization, high concentrations of reduced phosphorus species in early oceans, or accumulation during late heavy bombardment (Pasek et al., 2013; Schwartz, 2006) . Even provided a phosphate source, the mechanisms of phosphate utilization and polymerization in early life remain debated (Keefe and Miller, 1995) .
The alternative solution to this dilemma is that primitive forms of life could have initially emerged and endured without a major dependence on phosphate. Multiple scenarios for early metabolic pathways that do not rely on phosphate have been proposed (Deamer and Weber, 2010; de Duve, 1991; Hartman, 1992; Wä chtershä user, 1990) . In many of these scenarios, sulfur and iron are conjectured to have fulfilled major catalytic and energetic functions prior to the appearance of phosphate. Most notably, in the thioester world scenario (de Duve, 1991) , thioesters are hypothesized to have played a role similar to the one played today by ATP. Thioesters are widespread in modern metabolism, primarily as Coenzyme A (CoA) derivatives (e.g., Acetyl-CoA), and are used as condensing agents, enabling the synthesis of heterogeneous biopolymers.
The thioester world hypothesis, and other phosphate-independent protometabolism models, are typically invoked to explain the prebiotic plausibility of general biochemical mechanisms, and are illustrated through specific reactions or pathways. Could systems biology approaches help achieve a more systematic and quantitative understanding of the biosynthetic potential of a putative pre-phosphate metabolic network? Is it at all possible that a phosphate-independent geochemical setting could support the emergence of a rich and complex organized biochemistry?
Here we address these questions using computational systems biology approaches originally developed for performing large-scale analyses of complex metabolic networks (Ebenhö h et al., 2004; Handorf et al., 2005) . Similar approaches have been previously used to describe the biosphere-level metabolic changes that accompanied the transition to an oxic atmosphere, about 2.2 billion years ago (Raymond and Segrè , 2006) . Specifically, we use these and other computational methods to systematically study the size, architecture and physicochemical properties of phosphate-independent biochemical networks. Given that our goal is to shed light on processes that predate the estimated last universal common ancestor (LUCA) (Srinivasan and Morowitz, 2009; Weiss et al., 2016) , and given the long-term reshuffling of genes among organisms through horizontal-gene transfer, we focused our analysis on a global, biosphere-level biochemical network, which encompasses all known metabolic reactions across all organisms. In exploring the prebiotic relevance of metabolic reactions that in extant life are catalyzed by highly evolved, efficient, and specific proteinbased enzymes, we implicitly formulate the hypothesis that many of such reactions could have been initially catalyzed to a much weaker and less specific extent by a number of small molecules. Such a hypothesis in itself is not new to origin of life research (Martin and Russell, 2007) and is supported by a large body of literature, both pertaining to individual small-molecule catalysts and reactions Gorlero et al., 2009; Metzler and Snell, 1952; Morowitz et al., 2010; Pizzarello and Weber, 2004) , as well as to whole networks (Keller et al., 2014; Novikov and Copley, 2013; Semenov et al., 2016) .
The major finding we report below is the discovery of a phosphate-independent core metabolism hidden within this biosphere-level network. This core protometabolism is capable of supporting the synthesis of a broad set of biomolecules, including several amino acids and carboxylic acids. Statistical analysis of the physiochemical properties of enzymes within this network show an enrichment for iron-sulfur and transition metal coenzymes. By broadening our analysis of protometabolism with the inclusion of different types of coenzyme precursor couplings, we further show that thioesters, rather than phosphate, could have enabled this core metabolism to overcome energetic bottlenecks, supporting the feasibility of a metabolically rich thioester-based early biochemistry.
RESULTS

Removal of Phosphate from Biosphere-Level Metabolism Leaves Intact a Core Connected Network
The first goal of our analysis was to evaluate the impact of removing all reactions and metabolites involving phosphates (or, more broadly, phosphorus) from metabolism. Rather than analyzing the metabolic networks of individual organisms, we aimed at uncovering effects at the level of the complete collection of all known biochemical reactions (see STAR Methods, Tables S1A and S1B). This ''biosphere-level'' metabolism (which we inferred from the KEGG database [Kanehisa and Goto, 2000] ) allowed us to explore the properties of putative early biochemical networks, beyond the organismal boundaries (Vetsigian et al., 2006) .
We started by searching for regions of global metabolism that could be accessible starting from simple molecules likely to have been geochemically abundant on early Earth ( Figure 1A ). To this end we adopted the network expansion algorithm, which simulates the emergence of metabolic networks from a predefined set of compounds (Ebenhö h et al., 2004; Handorf et al., 2005; Raymond and Segrè , 2006) . The algorithm adds metabolites and reactions to an initial seed set, iteratively asking whether any new reaction could take place given the available substrates, until convergence to a final set of reactions and metabolites (or ''scope'') (see STAR Methods). This algorithm is seed-set dependent, typically resulting in the recovery of a subset of reactions/ metabolites within a defined metabolic network ( Figure S1 ). Network expansion was performed with a seed set of eight compounds thought to have been available in prebiotic environments, notably lacking phosphate ( Figure 1A , STAR Methods) Lang et al., 2010; Martin and Russell, 2007; Russell et al., 2010) . Importantly, the set of seed molecules we defined contains simple carboxylic acids in the form of acetate and formate, which could be provided by either an abiotic mechanism or a primitive pathway for carbon fixation (e.g., a primitive variant of the Wood-Ljungdahl pathway [Sousa and Martin, 2014; Sousa et al., 2013; Weiss et al., 2016] or the reductive TCA cycle [Morowitz et al., 2000; Smith and Morowitz, 2004; Wä chtershä user, 1990 ], see also Discussion). The resulting scope of this seed set consists of a fully connected network of 315 reactions and 260 metabolites ( Figure 1A ; Tables S2A and S2B), the composition of which is robust to variations of the seed set compounds (Figures S1 and S2) . Although this network requires the addition of catalytically accessible carbon, nitrogen and sulfur sources ( Figure S1 ), acetate and formate were substitutable by several alternative carboxylic acids like pyruvate ( Figure S2 ). This core, phosphate-independent network is significantly enriched with reactions within primary metabolic pathways such as amino acid biosynthesis, pyruvate metabolism, glyoxylate/dicarboxylate, and the TCA cycle, as well as intermediary metabolic pathways such as C5-branched dibasic metabolism ( Figure 1B , Fisher's exact test, Bejamini-Hochberg procedure, FDR < 0.05; Table S2C ). Further analysis showed significant enrichment for metabolites/reactions involved in various carbon fixation pathways, including the dicarboxylate-hydroxybutyrate cycle, the hydroxypropionate bi-cycle, and the reductive TCA cycle (Table  S2D) , which has been previously proposed as a primitive carbon fixation pathway in ancient autotrophs (Morowitz et al., 2000) . Enrichment for reactions involved in heterotrophic carbon utilization was also observed within pathways for one-carbon (serine pathway) and two-carbon assimilation (Krebs cycle, methylaspartate, and glyoxylate cycle) (Table S2D ). In addition to a diverse central carbon metabolism, half of the proteinogenic amino acids (G, A, D, N, E, Q, S, T, C, and H) are producible, representing six of the ten amino acids observed in the MillerUrey experiment (Parker et al., 2011) . In this network, building upon a core carbon, energy and nitrogen metabolism, hydrogen sulfide enables the production of sulfur-containing heterogeneous peptides like glutathione, as well as thioester derivatives like S-formyl and S-succinyl glutathione. Intermediates in the degradation and biosynthesis of more complex biomolecules are also observed; 5,6-dihydrouracil is an oxidized catabolic product of uracil and pyrrole is the basic building block for complex heterocyclic aromatic rings like heme ( Figure 1A ). Thus, we report the existence of a phosphate-independent core metabolic network reachable from simple putative prebiotic compounds.
Core Network Enzymes Are Enriched with Features Associated with Protometabolism
Is there independent evidence that this core phosphate-free network may indeed resemble the very early stages of biochemical processes? The plausibility of this early metabolism relies on the notion that catalysts for these reactions would initially have been much different than they are today, including assortments of short prebiotically-formed peptides (Gorlero et al., 2009; Milner-White and Russell, 2011) , metal-ion cofactors , mineral catalysts (Hazen and Sverjensky, 2010), or ironrich clays (Hartman, 1975; Laszlo, 1987) . Such initial catalysts would have been gradually replaced by longer and more complex genome-encoded protein-enzymes, potentially still retaining properties or components of the early catalysts (Hazen and Sverjensky, 2010; Milner-White and Russell, 2011; Sousa et al., 2013) . Thus, we performed multiple analyses to test whether current enzymes within this network contain taxonomic, sequence, and biochemical signals pointing to potential associations with early modes of catalysis.
Taking a taxonomic approach, we found that enzymes in the core network are overrepresented within genomes (Monte Carlo permutation test, P = 10 À4 ). The core network is also enriched (A) A network expansion algorithm was implemented using a simple set of seed compounds (bottom left box) and all balanced reactions in the KEGG database. The figure displays a simplified view of the resulting network, in which reactions are not explicitly shown, and metabolites are linked if they are interconverted through reactions that are responsible for the expansion. Node color indicates the time (iteration) at which the metabolite appears during the network expansion algorithm, while node size indicates the degree of that node, also indicative of the number of reactions added in the subsequent iteration. Note that major hub metabolites (including pyruvate, glutamate, and glycine-center of the network) are reachable after a few iterations from the seed (blue nodes). Catalytically important amino acids (e.g., His, Ser [Gorlero et al., 2009] ) are producible in this network as well.
(B) Pathway enrichment analysis of KEGG pathways within the core network. The fractional abundance of pathway reactions within the core network are plotted for pathways with an FDR < 0.05. (C) The core network reactions are enriched with enzyme functions (E.C.), protein folds (SCOP) and orthologous genes (COGs) proposed to be present in LUCA, relative to all known metabolic reactions (aerobic network) or to the oxygen-independent (anaerobic) portion of the complete network. (Delaye et al., 2005; Goldman et al., 2013; Mirkin et al., 2003; Srinivasan and Morowitz, 2009; Wang et al., 2007 ) (Fisher's exact test). See also Figures S1, S2 and Table S2. with enzymes (E.C. numbers) and protein folds (SCOP) previously identified as likely components of the last universal common ancestors (LUCA) proteome (Goldman et al., 2013; Srinivasan and Morowitz, 2009; Wang et al., 2007 ) ( Figure 1C , Fisher's exact test: P < 10 À5 and P < 10 À3 , respectively), suggesting that a significant fraction of the reactions in this core network appeared in the earliest organisms. One limitation of using comparative phylogenetic analysis is that it only provides information as far back as LUCA. Furthermore, evolutionary processes like horizontal gene transfer (Ochman et al., 2000) and cataclysmic extinction events hamper the elucidation of LUCAs metabolism with certainty. In order to investigate the pre-LUCA features of the phosphate-free core network, we examined the corresponding enzymes in terms of their basic physiochemical properties, with special attention given to properties proposed to be associated with ancient metabolism.
One fundamental property we focused on is the reliance of these enzymes on iron-sulfur or metal coenzymes, reflecting the notion that modern biochemistry emerged from mineral geochemistry (Hazen and Sverjensky, 2010; Martin and Russell, 2007; Wä chtershä user, 1990 ) and that metal-based cofactors in modern day enzymes represent a living relic of this contingency (Eck and Dayhoff, 1966; Hall et al., 1971; Nitschke et al., 2013) . Using a manually curated list of known protein-coenzyme pairs (Goldman et al., 2013) , we found that enzymes within the core network were enriched for both zinc and iron-sulfurdependent coenzymes relative to the full network ( Figure 2A , Table S3 , Fisher's exact test: P < 0:05). For comparison, amino acid derived-coenzymes were observed with comparable frequencies in the core and full KEGG networks, while nucleotidederived coenzymes (e.g., enzyme-bound FAD, TPP, molybdopterin) were slightly depleted among reactions in the core network, highlighting the coordination between nucleotide and phosphate biochemistry. The occurrence of metal-associated enzymes within the core network was independently corroborated by identifying protein structures with verifiable metal ligands in a separate database (Hemavathi et al., 2009) , allowing for the identification of KEGG reactions that rely on enzymes bound to metal ions. Out of the 47% (148/315) of the core network reactions with crystal structures available, 86% (127/ 148) relied on enzymes with a metal ligand, which constituted a significant enrichment relative to the full KEGG network (Figure 2B , Fisher's exact test: P < 10 À5 ). In addition to a biased coenzyme usage, we investigated other features that could be associated with an ancient protometabolic network. First, motivated by the notion that early catalysts may have been composed of smaller polypeptides relative to present day enzymes (Milner-White and Russell, 2011), we tested if the enzymes in the core network are on average smaller relative to all genome encoded enzymes. We found that sequences are considerably shorter for catalysts in the core network (median = 309) compared to all known metabolic enzymes (median = 354) ( Figure 2C ; one-tailed Kolmogorov-Smirnov: P < 10 À39 ). Second, we thought of checking whether enzymes in the core network are enriched, in their composition, for amino acids producible by the core network itself. Such enrichment would be consistent with the expectation of self-sustainability and homeostasis in a protometabolic network, whereby the network would be capable of producing the building blocks necessary for replenishment and accumulation of its catalysts. We found indeed that core network enzymes are more highly composed of the 10 amino acids found within the core network relative to all known metabolic enzymes ( Figure 2D ; one-tailed Kolmogorov-Smirnov: P < 10 À14 ). One potential simple reason for this enrichment could be attributed to the known sequence bias in FeS-proteins for cysteine, both of which are present in the core phosphate-free network. However, we found no detectable enrichment for cysteine in our core network enzymes (one-tailed Kolmogorov-Smirnov test, P = 0:948).
Thioesters Alleviate Thermodynamic Bottlenecks So far, our analysis was focused on the core network structure, ignoring possible energetic constraints. In extant metabolism, phosphate-mediated group transfer plays a key role by driving unfavorable or energetically uphill reactions (Deamer and Weber, 2010) . To investigate the energetic consequences of phosphate unavailability, we implemented a thermodynamically constrained network expansion algorithm, which blocks endergonic reactions with standard molar free energies above a cutoff value, t ( Figure 3B , black line). The network becomes dramatically limited to <12% of the core network as t remains below 55 kJ/mol, preventing the condensation of oxalate and acetate to yield oxaloacetate. Energetic constraints of this magnitude would have prohibited the expansion of an early metabolism, given plausible ranges of intracellular metabolites concentrations (Bennett et al., 2009 ) (see STAR Methods). Consequently, a mechanism to overcome these thermodynamic bottlenecks would be essential for a phosphate-independent metabolism.
Could thioester chemistry (de Duve, 1991) serve as a solution to this energetic conundrum? Thioesters, proposed to have served as ancient condensing agents (de Duve, 1991; Sousa et al., 2013) , are widespread throughout central metabolic processes (e.g., Coenzyme A [CoA] derivatives in TCA cycle and lipid biosynthesis) and can facilitate energy-rich group transfer. While CoA contains phosphate, this serves mainly as a structural component with no catalytic role, motivating the hypothesis that ancient reactions may have relied on pantetheine, the simpler, phosphate-free variant of CoA (Eakin, 1963; King, 1980) thought to be available in prebiotic environments (Keefe et al., 1995) . We explored the energetic consequences of a primitive thioesterbased reaction coupling scheme by substituting pantetheine for CoA in modern CoA-coupled reactions, followed by adding pantetheine into the seed set ( Figure 3A , see STAR Methods). These changes caused a 33 kJ/mol reduction in the bottlenecks that limited network expansion, enabling the viability of alternative metabolic pathways under physiologically realistic conditions (Bar-Even et al., 2012) ( Figure 3B , red line). Interestingly, these bottlenecks could not be easily overcome through an alternative phosphate-based coupling scheme, in which NTPcoupled reactions are substituted with either pyrophosphate or acetyl-phosphate ( Figure 3B , blue line, Figure S3 ). The uniqueness of this behavior is also emphasized by the fact that removal of elements other than phosphate (e.g., sulfur or nitrogen) would dramatically limit the possibility of expansion ( Figure S3 ).
Primitive Coenzymes Enable Widespread Network Expansion
A larger metabolic network may have been reachable if phosphate-free versions of modern day coenzymes drove several primordial reactions. Like CoA, many modern day coenzymes contain nucleotide phosphate groups that are important for enzyme-binding but not directly involved in catalysis. For example, the redox coenzyme NAD contains adenine and phosphate, but facilitates electron transfer at the nicotinamide moiety ( Figure S4A ). By substituting CoA with pantheteine and implicitly assuming that oxidoreductase reactions could be coupled to primitive electron donors/acceptors instead of NAD(P)/FAD (Figures S4B and S4C) , we found that the core network expands to nearly three times more metabolites (814), incorporating five more amino acids (K, R, L, V, and P), uracil and ribose (Figure 4 , Tables S4A and S4B). Addition of these five amino acids to the repertoire of amino acids would have enabled broader catalytic capabilities, and paved the way for increased richness of The fraction of coenzyme-coupled KEGG reactions in the core network (red bars), the anaerobic KEGG network (blue bars) and the aerobic KEGG network (green bars) are compared. Each set of reactions is composed of a manually curated list of coenzyme-coupled reactions in KEGG (Goldman et al., 2013) . We found that a significant number of reactions require iron-sulfur coenzymes (Fisher's exact test, p < 0.05) and zinc (Fisher's exact test, p < 0.05) within the core network relative to the aerobic KEGG network. (B) Structural data support metal-protein enrichment in the core network. The number of reactions catalyzed by enzymes with available structural data was determined for all KEGG reactions using the MIPS database (Hemavathi et al., 2009) . For all reactions with crystal structures available, we classified each reaction as either not having (À) a metal cofactor, or having (+) a metal cofactor. We tested for the enrichment of enzymes containing metal cofactors within the core network relative to both the aerobic KEGG network (green text), or the anaerobic network (parenthesis, blue text). (C and D) Core network reactions relied more heavily on enzymes with metal cofactors relative to both the aerobic and anaerobic KEGG reactions. The enzymes in the core network are shorter (C) and biased in their amino acid composition (D) relative to either the aerobic or anaerobic KEGG network. For (B-D), we tested for enrichment within the phosphate-free core network enzymes compared to both the aerobic and anaerobic networks. Significance values are reported for the aerobic network, followed by the anaerobic network in parenthesis. See also Table S3. peptides, once suitable and energetically supportable mechanisms for peptide synthesis became available (perhaps, initially driven by thioesters themselves [de Duve, 1991] ). Further, the formation of pyrimidines, pentoses and vitamins could have set the foundation for the assembly of nucleotide triphosphates and modern coenzymes upon the addition of phosphate (Table S4C) .
DISCUSSION
To obtain insight into the early stages of the evolution of metabolism, prior to LUCA, we analyzed the biosphere-level collection of all known metabolic reactions, which throughout the history of life may have greatly shifted their assortment into organisms (Ochman et al., 2000; Vetsigian et al., 2006) . By integrating network algorithms and biochemical database analyses at the biosphere-level, we have uncovered a phosphate-independent metabolism that prompts us to revisit models of early biochemistry. This network is enriched with enzymes requiring inorganic and iron-sulfur cofactors, consistent with the hypothesis that iron-sulfur proteins are among the most ancient in biological systems (Eck and Dayhoff, 1966; Hall et al., 1971; Hazen and Sverjensky, 2010; Nitschke et al., 2013; Sousa et al., 2013; Wä chtershä user, 1990 ). This network incorporates several components of the reductive TCA cycle, proposed to be one of the first autotrophic, autocatalytic cycles in metabolism (Hartman, 1975; Morowitz et al., 2000; Smith and Morowitz, 2004) . Its enrichment for enzymes containing iron-sulfur clusters is strikingly consistent with the iron-sulfur world theory (Wä chtershä user, 1990). Our results are compatible with the possibility that the iron-sulfur dependent reactions in the TCA cycle and the methylaspartate cycle in haloarchaea (Khomyakova et al., 2011) may represent modern variants of an iron-sulfur based intermediary metabolism. Upon including phosphate-independent precursors of high-energy and redox cofactors in our model, the resulting network became free of prohibitive thermodynamic bottlenecks, and expanded to a much larger protometabolism that includes several precursors for DNA/RNA and modern-day coenzymes. Our work corroborates previous work emphasizing the potential role of thioesters in protometabolic systems (de Duve, 1991; Sousa et al., 2013) .
Specific hypotheses generated by our analysis could be testable in future work. For example, it would be interesting to extend currently available evidence of non-enzymatic catalysis of metabolic reactions to a larger set of reactions and potential catalysts, with and without the specific constraint of phosphate availability. In particular, one could test the possible role of previously identified small-molecule catalysts (e.g., amino acids, short peptides, and metal sulfides) in enabling reactions within the core network. While our calculations suggest that thioester chemistry had an initial thermodynamic advantage toward generating a surprisingly large and connected metabolism, this set of metabolites constitutes less than 20% of the complete phosphate-dependent set of known metabolites we know today. In future work it will be interesting to search for more evidence that the network dependent on thioesters may have been self-sustaining (i.e., capable of producing its own small-molecule catalysts), and for signatures of a putative thioester-to-phosphodiester transition.
The plausibility of a rich phosphate-independent metabolism has a number of implications on important questions about the origin of life. In particular, the expansion of a phosphate-independent metabolism requires the availability of reduced-carbon precursors (i.e., the seed set) and energy (e.g., the driving force (B) Network expansion from the core seed set was performed after constraining reversibility of reactions exceeding a thermodynamic threshold. For each value of this threshold (x axis) we plot the size (black line) of the final expanded network, in terms of the number of metabolites (y axis). The effect of thioester coupling was simulated by adding a Coenzyme A substitute (pantetheine) to the seed set (red line). For comparison, a phosphate-coupled network was simulated by substituting nucleotide triphosphate-coupled phosphoryl-transfer reactions with pyrophosphate (or acetyl-phosphate) (blue line), followed by adding pyrophosphate (or acetyl-phosphate) to the seed set. Although significantly more metabolites are observed in the phosphatecoupled network with no thermodynamic barrier (due to the addition of sugars and phosphorylated intermediates), the network expansion process would not be thermodynamically feasible under physiologically realistic conditions (non-shaded region) . Note that more than one third of reactions in KEGG lack a free energy estimate. In the main plot, all reactions with unknown free energies are assumed to be available (equivalent to assuming that they have a free energy barrier lower than then predefined threshold). Results are qualitatively very similar if all such reactions lacking free energy estimates are removed from the network (Top left inset). See also Figure S3. for the production of thioesters). Although these could be explainable by purely geochemical (i.e., abiotic) processes (see STAR Methods and [Lang et al., 2010; Russell et al., 2010] ), a number of scenarios involving ancient variants of modern carbon fixation pathways have been proposed as a source of reduced carbon and thioesters (Fuchs, 2011) . One such scenario is based on the reductive TCA cycle (Morowitz et al., 2000; Smith and Morowitz, 2004) , which uses several reactions found in our core network, and is compatible with the iron-sulfur enrichment previously discussed. One of the challenges in this scenario is that alternative energy coupling schemes instead of ATP hydrolysis (found in Succinyl-CoA synthetase and ATP-citrate lyase) would have been required to make the process exergonic. An alternative scenario, which could simultaneously explain the availability of formate, acetate and thioesters, is the viability of a primordial Wood-Ljungdahl (WL) pathway, previously suggested to proceed exergonically under prebiotic conditions (Sousa et al., 2013) . One of the appeals of this pathway is that it is the only carbon fixation pathway present within both bacteria and archaea, and that it may have been the first carbon-fixation pathway in LUCA (Weiss et al., 2016) . For this pathway to be viable in a pre-phosphate world, however, its ancient variants would have to rely on simple coenzyme precursors to pterins, which are currently not known to be synthesized biotically without GTP. While we cannot rule out possible alternative interpretations of our findings, such as a gradually evolved reliance on metabolic routes that make minimal use of phosphate, it is interesting to ask whether our result could help bridge a fundamental gap between geochemistry and biochemistry. Through the systematic inclusion of broader classes of geochemically plausible reactions, future versions of our analysis could provide more detailed and comprehensive models of early metabolism. The properties of the core phosphate-free network suggest that a thioester-based protometabolism may have started from a few, simple geochemically abundant molecules, and expanded to a surprisingly rich and diverse biochemistry, potentially a network-level ''fossil'' of biosphere metabolism, even prior to the appearance of the phosphate based genetic coding system. This network could have enabled the synthesis of a diverse set of (bio)chemical compounds, providing precursors for the subsequent rise of informational nucleic acid polymers. Whether and how such a primordial system could have been endowed with features essential for cellular life as we know it, such as collective autocatalysis and information processing, remains an open question. We removed all phosphate-dependent reactions from biosphere-level metabolism, and identified the largest connected subnetwork. The gray lines represent reactions that are unreachable without phosphate, meaning there is no seed set capable of recovering this portion of the network without phosphate. The red lines are the reactions belonging to the phosphate-independent core network (identified in Figure 1A ) and the brown lines are reactions that are not included in the core, but still accessible from a phosphate-free seed. The blue lines correspond to phosphate-free reactions coupled to Coenzyme A, while the purple lines are the phosphate-free reactions coupled to nicotinamide or flavin coenzymes. See also Figure S4 and Table S4 .
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J.E.G., H.H, T.F.S., and D.S. conceived the project, J.E.G. performed simulations and computational experiments, J.E.G. and D.S. analyzed data, and J.E.G., H.H, T.F.S., and D.S. wrote the paper. oxygen accumulated in the atmosphere. The anaerobic network was generated by removing subsets of reactions and metabolites from the global metabolic network reachable only through reactions that utilize molecular oxygen, resulting in a modified biosphere-level metabolic network. This network was obtained through the following steps: We first removed all reactions that utilize oxygen. Second, the stoichiometric matrix was converted into a bipartite undirected graph, where nodes were either reactions or metabolites. In this bipartite graph, an edge exists between a reaction and a metabolite if that reaction either consumes or produces that metabolite. The graph was used as an input into the python package NetworkX (https://networkx.github.io/), and all connected components were detected. In our specific analysis, this algorithm identified a single major connected component that contained the majority of metabolic reactions. The final anaerobic network, containing 5,651 reactions and 5,252 metabolites, is provided in the Tables S1A and S1B.
Network expansion
The network expansion algorithm has been described in detail elsewhere (Ebenhö h et al., 2004; Handorf et al., 2005; Raymond and Segrè , 2006) . Briefly, let S represent the set of seed metabolites. We will denote by FðSÞ the scope of the seed S, i.e., the set of all reactions and metabolites reachable from the seed set S. At each iteration k, the set of reactions R k , whose substrates are present in the current set of metabolites, is added to the scope. The products of these newly added reactions constitute a set of metabolites, M k . The scope is then updated by taking the union of FðSÞ, R k , and M k . This update can also be concisely described as the following operation: FðSÞ)FðSÞ W R k W M k . The algorithm terminates when no more reactions or metabolites can be added to the scope, resulting in a final stationary network composition. Although expansion from a given seed set can in principle end up spanning the complete set of reactions and metabolites in the network, the typical scenario is that a given seed set gives rise to a scope that spans only a fraction of the complete network. Note that in order to take into account thermodynamic feasibility of reactions during network expansion, we model each reaction as a pair of distinct forward and backward irreversible reactions. For example, a reaction listed in KEGG as A / B (reversible), will be represented as a pair of irreversible reactions (A / B and B/A) which we will refer to later as ''unidirectional reactions.'' Thermodynamic infeasibility of the reaction in a given direction is then implemented simply by removing the corresponding unidirectional reaction.
Pseudocode
For m metabolites and n reactions, let the binary vectors x˛f0; 1g m and y˛f0; 1g n represent the states of metabolites and reactions, respectively. The component x i ðy j Þ is either 0 or 1, corresponding to whether or not metabolite i (reaction j) is absent or present, respectively. Let S be the stoichiometric matrix where s ij is the stoichiometric coefficient of metabolite i in reaction j, which is positive for a product and negative for a reactant. Let us define a reactant matrix, R, and product matrix P, whose elements are defined respectively as follows:
Let B represent an n-dimensional vector containing the total number of reactants within each reaction, such that: b j = P i r ij . Let rðuÞ and fðuÞ represent vector-valued functions operating on the vector u, where
Let a set of seed metabolites, C s , contain the indices of metabolites, where for all i˛C s ; x i = 1. Initialize x such that for all i˛C s ; x i = 1. Define l 0 = 0, l 1 = P i x i and k = 1. While l k > l kÀ1 : Do: (King, 1980) . The following subsections summarize the introduction of variants of present-day reactions into our network, in which current cofactors are substituted with putative primitive alternatives. In particular, this amounts to the addition of putative prebiotic reactions utilizing primitive thioester, phosphate, and redox couplings, as described below (see also Figure 3 and 4) . Figure S4A provides the structures of Coenzyme A, NAD and ATP, highlighting the role of phosphates in each biomolecule. Thioester coenzymes For the proposed thioester-coupled network, we directly modified metabolites and reactions such that CoA-mediated acyl transfer reactions were substituted with pantetheine-mediated acyl transfer reactions. This required us to first identify metabolites with CoA thioesters (i.e. Acetyl-CoA, Malonyl-CoA), then substitute the CoA moiety with pantetheine. Second, all reactions typically using these molecules were substituted with the pantetheine thioesters. We also ensured that degradation of pantetheine did not contribute to network growth by blocking degradation pathways. This was achieved by removing (R)-pantetheine amidohydrolase (KEGG ID: R02973) and N-((R)-Pantothenoyl)-L-cysteine carboxy-lyase (KEGG ID: R02972), which prevented the hydrolysis of pantetheine into pantothenate and cysteamine. Network expansion was then performed with pantetheine added to the core seed set, resulting in a final network size of 365 metabolites. Simulating the thioester-coupling can also be achieved by (i) blocking degradation of CoA and (ii) adding CoA into the seed set. By removing CoA nucleotido-hydrolase (KEGG ID: R10747), and adding CoA into the core seed set, we obtained the final network observed with the pantetheine substituted network. Phosphate coenzymes For the proposed model of a primitive phosphate-coupled network, nucleotide (A, G, C, U, T, and I) phosphate-coupled and phosphotransferase reactions were substituted with pyrophosphate. Pyrophosphate has been proposed to have been used for primitive energy coupling in early protometabolic systems before NTP (de Duve, 1991; Martin and Russell, 2007) . Using pyrophosphate coupling instead of NTP prevents network expansion from artificial catabolism of NTP precursors like ribose and nucleobases, which are not assumed a priori to be abundant in geochemical models of Hadean environments. In particular, monophosphate transfer reactions were replaced with the disphosphate/monophosphate coenzyme couple, while diphosphate transfers were replaced with the triphosphate/monophosphate coenzyme couple. This model of primitive phosphate-coupled reactions was seeded with orthophosphate, diphosphate and triphosphate, in addition to the ''core seed set'' listed in Figure 1 of the main text. For monophosphate transfer reactions, we also substituted NTPs with acetyl-phosphate, and found no difference between the network sizes at different free energy threshold cutoffs (Fig 3) .
Redox coenzymes
We found that a much larger network was reachable without phosphate by relaxing the condition that major redox reactions require the phosphate-containing coenzymes NAD(P) or FAD as substrates (see Tables S4A and S4B) . For this analysis, in addition to adding modified thioester-coupled reactions (see Thioester coenzymes), major redox reactions mediated by NAD(P) and FAD were allowed to proceed using only the half reactions. Reactions utilizing the NAD(P) + /NAD(P)H or the FAD/FADH2 redox couples were replaced with the associated redox half reactions with no cofactor pair. For example, the reaction X + NAD(P)H / Y + NAD(P) + was replaced by the half reaction: X + 2e -+ 2H + / Y, where both e -and H + are in the seed set. Several alternative redox coupling schemes may have been available in protometabolic systems ( Figures S4B and S4C) , including glutathione or primitive iron-sulfur proteins. For our analysis, we simply decomposed redox reactions into half reactions and allowed for free exchange of electrons. This alteration effectively adds low potential reduced ferrodoxin as a seed molecule, potentially producible via electron bifurcation from H 2 (Buckel and Thauer, 2013) .
Enzyme feature datasets
To determine the plausibility that the phosphate-free core network is a potential relic of non-enzymatic prebiotic chemistry, we obtained various datasets corresponding to taxonomic, sequence and physiochemical properties of enzymes in modern metabolism. These features of enzymes are independent of our network generation method; the network expansion algorithm simulates the emergence of metabolites via a set of allowable reactions. In our simulation, we assume that all metabolic reactions are feasible. Thus, properties of the enzymes found in simulated networks can be used as an independent validation of prior assumptions. Below we describe our pre-processing of previously published datasets used in our analysis. LUCApedia KEGG genes associated with components in LUCA were downloaded from the LUCApedia webpage. For each dataset (see URL in Resource table) , we obtained a list of genes, and we used the KEGG REST API to map genes to reactions.
MIPS database
Data from the MIPS database was downloaded as an HTML page from the website, and an in-house python script was written to parse the webpage into a list of PDB IDs. PDB IDs were mapped to Uniprot proteins using PDBSWS (Martin, 2005) , followed by the conversion of Uniprot to KEGG genes using the KEGG conversion tool (http://www.genome.jp/kegg/tool/conv_id.html).
KEGG
Gene lengths and amino acids compositions were obtained from the KEGG database using the REST API. For each reaction in the full KEGG network, we found all orthologous groups (KO) associated with each reaction. For each KO group, we downloaded the amino acid sequence for each gene within the associated orthologous group. For gene lengths, we computed the number of characters in each sequence. For the amino acid composition, we computed the average amino acid composition across all orthologous groups for each reaction, resulting in an averaged number of each amino acid per reaction. For Fig 2D, we computed the fraction of each sequence consisting of the 10 amino acids found within the core network. The KEGG REST API was used to identify all reactions in each species (n = 3838) in KEGG.
Quantification and statistical analysis
For the taxonomic enrichment test, we first computed the average number of phosphate-free core network reactions across all species in KEGG. We then randomized the set of 315 reactions and repeated the calculation 10 5 times. To test for enrichment for categorical features associated with the core network enzymes ( Figure 1C, 2A-B) , a 2x2 contingency table was constructed and a Fisher's exact test was performed. For continuous metrics, we used the nonparametric Kolmogorov-Smirnov test. For all pathway and module enrichment analysis, we used a Benjamini-Hochberg multiple comparison's correction and report only pathways and modules with a false discovery rate < 0.05. All statistical tests were performed in MATLAB 2015a, using built-in functions for twosample Kolmogorov-Smirnov tests (kstest2.m), Fisher's exact tests (fishertest.m), multiple hypothesis testing (multcompare.m).
Monte Carlo permutation tests were performed using the randsample.m function.
DATA AND SOFTWARE AVAILABILITY
MATLAB scripts written for network expansion can be found on Github (https://github.com/segrelab/networkExpansion).
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Please cite this article in press as: Goldford et al. Figure S1 . Monte Carlo Sampling of Seed Sets Recovers Substantial Fractions of the Non-phosphate Core Network, Related to Figure 1 10 4 random samples of size k = 8 metabolites were chosen as seeds for network expansion. For each sample, at least one molecular species was required to contain the following elements: C, H, O, N and S. Network expansion was performed using each randomly assembled seed set. For each simulation, the final number of reactions was recorded (x axis). Next, the fraction of the core network recovered after network expansion was computed for each seed set (y axis). The color of each point represents the fractional abundance of carbon atoms in the scope of the simulation, highlighting the molecular heterogeneity between simulations. The positive correlation between the network size and the fraction of the core phosphate-free suggests that large (> 250 reactions) networks without phosphate contain a substantial fraction of core network reactions. Note that networks between 100 and 200 metabolites were typically composed of only CHO molecules, while networks > 250 metabolites contained a substantial number of molecules with nitrogen and sulfur.
